Adult wild-trapped opossums were infected with Leishmania donovani (Khartoum strain, WR 378) and evaluated as an animal model of visceral leishmaniasis. All infected opossums died within 32 days. Loss of body fat, hepatomegaly, and petechiae of skin and abdominal musculature were seen at necropsy. Microscopically, numerous amastigote-laden macrophages were seen in histologic sections of liver, spleen, and lymph nodes; fewer parasite-laden macrophages were in the bronchial-associated lymphoid tissues and renal glomeruli. Hematological findings included thrombocytopenia (terminal), neutropenia, and lymphopenia. Blood lymphocyte blastogenesis in response to concanavalin A and phytohemagglutinin was decreased markedly at day 24 post-infection (PI). Serum antibodies (1 : 40 dilution) to promastigotes of L. donovani were detected in five of eight infected opossums tested on days 10 and 24 PI. Total bilirubin concentrations and alanine aminotransferase and aspartate aminotransferase activities were increased after day 25 PI. Activated partial thromboplastin times and one-stage prothrombin times were prolonged before death. Concurrently, factors V, VIII, and XI1 activities were decreased.
Visceral leishmaniasis, caused by several subspecies of a protozoan Leishmania donovani,22 is a severe, chronic, debilitating disease which affects people and animals worldwide. Several different animal species including rodents,I6 nonhuman primate^,^,^^,^^ and dogs2* have been used to study visceral leishmaniasis e~perimentally.~ The oppossum is susceptible to visceral lei~hmaniasis'~ and rapidly develops fatal systemic disease.
Advantages of using the opossum as an animal model for visceral leishmaniasis include its availability in the wildlife population and an adequate body size for repeated hematologic sampling. Disadvantages include the necessity for physical or chemical restraint and the lack of commercially available laboratoryreared animals.
The purposes of this study were to examine the morphologic, clinicopathologic, and immunologic findings in opossums infected with L. donovani and to determine if the opossum was a suitable animal model to study visceral leishmaniasis.
Materials and Methods
Two experiments were done using a total of 13 (seven male, six female) wild-caught opossums (Didelphis virginiana). The opossums were individually housed in stainless steel cages with raised floors and maintained on a commercial diet of dog and cat food and water ad libitum. All opossums were acclimated to the laboratory for 3 to 4 weeks before the study began. During acclimation, fecal flotations were done on all opossums, and appropriate anthelmintics were administered to eliminate gastrointestinal parasites.
In the first experiment (Expt. I), eight (four male, four female) infected opossums and two (one male, one female) control opossums were used to evaluate hematological, clinicopathological, and hemostatic parameters. In the second experiment (Expt. 11), two (one male, one female) infected and one (male) control opossum were used to evaluate blood lymphocyte blastogenesis, to examine bone marrow cytology, and to confirm the clinicopathologic alterations seen in the first experiment. To facilitate handling, opossums were immobilized with ketamine HCVxylazine (1 : 7) mixture prior to sample collection.
Eight of ten opossums in Expt. I and two of three opossums in Expt. I1 were infected with 1 x 108 amastigotes of a Khartoum strain (WR 378) of Leishmania donovani per kilogram of body weight via intracardiac injection. Amastigotes were obtained from heavily infected hamster spleens using previously described technique^.^^ The control opossums in Expt. I and I1 were given an equal volume of uninfected hamster spleen homogenate via intracardiac injection.
In the first experiment, blood samples were taken via cardiac puncture 2 days prior to infection and on days 10, 19, 24, 27, 3 1, and 34 post-infection (PI). In the second experiment, blood samples were obtained 2 days prior to infection and on days 10, 17, 24, and 28 PI. Bone marrow aspirates also were obtained via the left or right trochanteric fossa 2 days prior to infection and on days 10 and 24 PI (alternating aspiration sites at each time interval).19
Blood samples for hematologic evaluation were collected in tubes containing ethylenediaminetetraacetic acid. The packed cell volume was determined by microcapillary tube centrifugation, while total erythrocyte, leukocyte, and platelet counts, and hemoglobin concentrations were determined with electronic cell counters (Coulter Electronics model ZBI, Hialeah, FL; Baker 8 10 Platelet Counter, Baker Instruments Corporation, Allentown, PA) and hemoglobinometer. Leukocyte differential counts and blood cell morphology assessment were done on Wright-Leishman-stained smears. Plasma samples for clotting profiles and blood factor analyses were collected in sodium citrate (1 : 9 dilution). Activated partial thromboplastin times and one-stage prothrombin times were determined using a semi-automated thermometric clot timer and platelet-poor plasma according to previously described technique^.^ Factor V activities were quantified by modifications of the one-stage prothrombin times assay, and factor VIII and XI1 activities were quantified by modifications of the activated partial thromboplastin times assay.!! Factor I (fibrinogen) assays were attempted, but were unsuccessful using the classic thrombin time test." Fibrin monomers were detected using a modification of the ethanol gelation test. 33 Samples for serum biochemical tests were collected in clot tubes. The total serum protein concentrations were determined by the biuret rea~tion.~ Albumin, alpha, beta, and gamma globulins were quantified by cellulose acetate electrophoresis and a densitometer (Helena Laboratories, Beaumont, TX). Serum biochemical analyses included measurement of alanine aminotransferase, alkaline phosphatase, and aspartate aminotransferase activities; and quantification of blood urea nitrogen, glucose, total bilirubin, total protein, and calcium concentrations using a computer-directed analyzer. Sodium and potassium were determined by direct measurement using ion-specific electrodes, and chloride was measured with an electrical potential chloridometer.
Peripheral blood lymphocytes obtained from opossums in Expt. I1 were used for lymphoblast transformation. Lymphoblast transformation (LBT) was done on whole blood following a published technique.', All LBT cultures were done in triplicate using concanavalin A and phytohemagglutinin concentrations of 8, 16, 32 , and 64 pg/ml and 6. 25, 12.5, 25 , and 50 pglml, respectively. Results were expressed as the net counts per minute (cpm) (mean cpm stimulated culturesmean cpm unstimulated cultures) to correct for background and quenching.
The indirect fluorescent antibody test was done using previously described methods.13 Briefly, 4-day-old fourth subculture promastigotes were fixed in 1 O/o formalin-saline solution, washed twice in phosphate-buffered saline (PBS), and pelleted by centrifugation at 1,000 rpm.I3 Promastigotes were quantified" and resuspended to 2 x lo6 promastigotes/ml. Ten microliters of this suspension were placed in each well of ten-well slides (Cel-Associates, Newfield, NJ) which were air-dried and stored at -70 C until used. Ten microliters of sera from infected and control opossums (Expt. I) were diluted 1 : 10, 1 : 20, 1 : 40, and 1 : 80. Sera were placed in the wells, and the slides were incubated for 20 minutes at 25 C in a moistened chamber. The slides were washed in PBS for 30 minutes at 25 C. Ten microliters of liver-absorbed, heatinactivated rabbit anti-opossum serum were added to the wells, and the slides were incubated for 20 additional minutes. Following a 30-minute PBS wash, 5 pl of a 1 : 16 dilution of fluorescein isothiocyanate-labeled goat anti-rabbit IgG (ICN Immunobiologicals, Irvine, CA) were placed in the wells. The slides were again incubated for 20 minutes and washed in PBS for 30 minutes. Slides were coverslipped and examined with a fluorescent microscope (BG12 and KV4 18 exciter and 500 nm barrier filter) and 40 x objective. Visible fluorescence at a titer > 1 : 40 indicated a positive test result.
Body weights of all opossums were recorded at the start of the study and at the time of necropsy. All infected and control opossums were necropsied. Animals which became moribund were euthanatized with CO, inhalation. Control opossums were euthanatized in a similar manner at the end of the study. The body cavities were opened, and all major organs were examined with the exception of the spinal cord. The liver and spleen were removed, weighed, and imprints of these organs were prepared and stained with Giemsa stain. The total amastigote densities in cytology preparations were determined for the liver and spleen by a previously described method.32 All tissues taken at necropsy were fixed in 10% neutral buffered formalin, processed by routine methods, embedded in paraffin, sectioned at 5 pm, and stained with hematoxylin and e o~i n . ,~
The data were tested for significance by the two-tailed Wilcoxon ranked sum test for independent samples.!
Results
All opossums died between days 19 and 32 postinfection (PI). Infected opossums lost body weight (6.25-1 7.85% decrease), while control opossums gained weight (2.60-1 5.38% increase). Livers of infected opossums were enlarged as compared to controls (Table 1).
The mean amastigote densities of infected opossums at time of necropsy were 2.91 x lo8 (k2.57 x lo8) per gram of liver and 4.47 x lo8 (k3.27 x lo8) per gram of spleen. Direct correlations between organ weight and amastigote density were not found. The hematological findings in the infected opossums included thrombocytopenia and leukopenia characterized by neutropenia and mild lymphopenia (Fig. 1) . Mean leukocyte counts decreased throughout infection (preinfection = 16,700 WBC/pl; day 31 PI = 5,140 WBC/pl), but significant (P < 0.05) leukopenia was first seen on day 24 PI. Changes in neutrophil counts paralleled changes in leukocyte counts. Mean neutro-phi1 counts declined over time (preinfection = 4,580 cells/pcl; day 3 1 PI = 5 1 cells/pl) with significant (P < 0.05) neutropenia occurring on days 24 and 27 PI. Mean lymphocyte counts also decreased over time (preinfection = 11,000 cells/pl; day 3 1 PI = 4,570 cells/ pl). Monocytes/macrophages containing six to eight L. donovani amastigotes were seen in peripheral blood smears of two infected opossums 24 days PI (Fig. 2) . The mean leukocyte, neutrophil, and lymphocyte counts of the control opossums were within reference intervals. 26 Bone marrow aspirates of the infected opossums indicated a slight increase in the myeloid to erythroid ratio (M/E) to 2.6 : 1 by day 10 PI (baseline = 1.4 : 1). The M/E ratio subsequently decreased to 0.9 : 1 on day 24 PI. Additionally, amastigote-laden macrophages were commonly seen in bone marrow aspirates taken on day 24 PI. No other remarkable morphologic changes were seen. Bone marrow aspirates from the control opossums were unremarkable.
Platelet counts of the infected opossums also decreased over time (preinfection = 250,000 platelets/& day 3 1 PI = 34,000 platelets/pl). Significant (P < 0.05) thrombocytopenia was seen in the infected opossums on days 19 and 24 PI (Fig. 3) .
Abnormal hemostasis was seen in all infected opossums. Prolonged activated partial thromboplastin times (APTT) and one-stage prothrombin times (OSPT), decreased activities of coagulation factors V, VIII, and XII, and thrombocytopenia were seen (Fig. 4) . Mean APTT activities of infected opossums increased over 
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time (preinfection = 21 seconds; day 27 PI = 72 seconds; control opossums = 20 to 22 seconds). Mean OSPT values of infected opossums also increased during this time period (preinfection = 23 seconds; day 19 PI = 43 seconds; day 3 1 PI = 32 seconds) compared to control values (controls = 20 to 23 seconds). The mean activities of blood coagulation factors V (preinfection = 167.9%; day 27 PI = 53.0%), VIII (preinfection = 97.4%; day 3 1 PI = 38%), and XI1 (preinfection = 122.2%; day 27 PI = 49.9%) decreased during the study. The activity levels of factors V, VIII, and XI1 of the controls varied slightly throughout the course of infection but generally exceeded 100%. Fibrin monomers were detected in four of the eight infected opossums by day 24 PI and in one additional opossum on day 27 PI. Control plasmas did not contain demonstrable fibrin monomers. Significantly (P < 0.05) increased alanine aminotransferase (87.4 UAiter) and aspartate aminotransferase (1 ,O 17 UAiter) activities were present in infected opossums. Increased mean serum total bilirubin concentrations in the infected opossums peaked on day 17 PI (peak = 2.65 mg/dl; baseline = 0.5 mg/dl). Mean alkaline phosphatase activities of the infected opossums were increased on day 24 PI (1 94 mU/ml; baseline = 84 mU/ml).
Mean total serum protein was unchanged throughout the course of the infection. However, serum albumin concentrations decreased slightly, while alpha globulin fractions, as determined by serum electrophoresis, increased. Beta and gamma globulin fractions remained unchanged.
Blood urea nitrogen, glucose, calcium, sodium, and potassium values of infected and control opossums did not differ significantly.
Maximal lymphoblast transformation was obtained using 16 hg/ml concanavalin A and 25 pg/ml phytohemagglutinin. Infected opossums had decreased lym- phoblast transformation on days 24 and 27 PI using these mitogen dosages.
Sera from five infected opossums were positive for anti-leishmania1 antibodies at I 1 : 40 dilution by 10 days PI. Three infected opossums had antibody titers < 1 : 40. In contrast, control samples never exceeded a titer of 1 : 20.
At necropsy, all infected opossums had hepatomegaly and lymphadenopathy. The spleens and livers had a diffusely nodular appearance on the capsular surface and an accentuated lobular pattern with pale hepatic parenchyma on cut surfaces. The parenchyma of the hepatic and mesenteric lymph nodes extruded from the capsule upon incision. Cutaneous petechiae and ecchymoses were seen in ventral abdominal and axillary skin (Fig. 5) , the ventral abdominal musculature, and the parietal surfaces of the thoracic and abdominal cavities.
Microscopically, numerous amastigote-laden macrophages were seen in tissue sections of liver, spleen, bone marrow, and lymph nodes (Fig. 6) . Multifocal hepatocellular necrosis and infiltration of lymphocytes, plasma cells, and neutrophils were seen. Splenic tissues contained numerous lymphoid follicles and peri-arteriolar lymphatic sheaths that were surrounded by 
donovani.
Multifocal petechiae and ecchymoses of the ventral abdominal skin of an opossum infected with Leishmania many amastigote-laden macrophages. Venous sinuses of the red pulp also were lined with numerous parasiteladen macrophages. Fewer parasite-containing macrophages were seen in bronchial-associated lymphoid tissue and renal glomeruli.
Discussion
Wild-caught opossums develop acutely fatal visceral leishmaniasis following intravenous inoculation of 1 x 1 Os amastigotes of L. donovani per kilogram of body weight. Increased susceptibility of the opossum to L.
donovuni provides a reproducible animal model of acute visceral leishmaniasis.
Visceral leishmaniasis can be a fatal disease in human beings, but death usually occurs following several years of illness. Human deaths ultimately are related to concomitant bacterial or parasitic In comparison, all of the infected opossums in this study died rapidly (within 32 days of infection) in the absence of bacterial infection.
Weight loss in human patients with visceral leishmaniasis is largely attributed to competition with protozoan parasites for essential nutrients and decreased intestinal absorption of nutrients.20 Although the cause of weight loss in infected opossums was undetermined, malnutrition and organ dysfunction may be contributing factors.
Splenomegaly, hepatomegaly, and lymphadenopa- Fig. 6 . Numerous amastigote-laden macrophages within the liver from an opossum with visceral leishmaniasis. HE. Bar = 10 pm. thy are common clinical findings in human patients with chronic visceral leishmaniasis.20 Organ enlargement is a result of macrophage infiltration of the paren-~h y m a .~~ Hepatomegaly and lymphadenopathy were seen in infected opossums.
Amastigote densities of spleen and liver from infected opossums were marked as compared to other animal models of visceral l e i s h m a n i a s i~.~J~.~~ Based on calculations of tissue amastigote densities, infected opossums are as susceptible to experimental visceral leishmaniasis as are golden hamsters.
Human patients with chronic viseral leishmaniasis may develop neutropenia.20 Experiments using reinfused radio-labeled (51Cr or DF32P) human leukocytes indicate that the marginal neutrophil pool is increased and the circulating neutrophil pool is decreased.*' Hematologic studies in opossums demonstrate that leukopenia is the result of neutropenia. Furthermore, bone marrow aspirates suggest that the neutropenia may be associated with an increased marginal neutrophil pool because increased tissue demand for neutrophils was not seen microscopically in tissue sections, and normal neutrophil production was seen in bone marrow smears.
Lymphopenia in infected opossums was attributed to acute disease. Normal or increased lymphocyte counts seen more commonly in human patients29 are probably a reflection of mild chronic disease and antigen exposure from concomitant infections.
Clinical signs in human beings with visceral leishmaniasis include epistaxis, subconjunctival hemorrhage, purpura, and me1ana.20 These signs are associated with thrombocytopenia and/or abnormal hemostasis. Thrombocytopenia is secondary to platelet consumption in disseminated intravascular coagulation (DIC) or due to an immune-mediated destruction of platelets by cold agglutinins in Coomb's-positive individual^.^' Infected opossums have petechiae (especially of the shn) associated with thrombocytopenia and abnormal hemostasis. The mechanism of the thrombocytopenia is undetermined. Increased platelet consumption or destruction must be considered because megakaryocyte production and maturation in the bone marrow was normal.
Hypofibrinogenemia and decreased activities of blood coagulation factors V and VIII occur in human visceral leishmaniasis.28 These findings are characteristic for DIC, but the inciting cause is uncertain. Extensive liver damage may cause decreased production of fibrinogen and blood coagulation factors 11, V, VII, IX, X, XI, and XIII.2,4,30 Systemic activation of the clotting system also may result in consumption of factors V and VIII. 28, 30 Infected opossums also have hemostatic abnormalities consistent with a DIC-like coagulopathy. These abnormalities include (in addition to thrombocyto-penia) decreased factor V, VIII, and XI1 activities and positive fibrin monomer tests. The presence of hepatocellular necrosis may deplete factor XI1 following surface contact a c t i~a t i o n .~~ Decreased factor VIII activities were probably a result of continuous activation of the blood coagulation cascade and reduced hepatic synthesis of the f a~t o r .~ Increased liver enzyme activities (alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase) occur in opossums and human beings with visceral leishmaniasis.20 The presumed mechanism is liver necrosis because of the severe inflammatory reaction associated with the parasite. Hyperbilirubinemia also occurs in human beings and opossums, but the mechanisms appear to differ. In human patients, hyperbilirubinemia is associated with erythrocyte destruction (anemia). In infected opossums, anemia was not seen, and the bilirubin was primarily conjugated (direct-reacting). This apparent paradox may be explained in that the liver can continue to conjugate bilirubin even in the presence of severe hepatitis.l0
Hypoalbuminemia and hypergammaglobulinemia are seen in human patients with chronic visceral leish-maniask6 Hypoalbuminemia may result from intestinal malabsorption, decreased hepatic production of albumin, or loss of albumin from the urinary tract.'j Hypergammaglobulinemia is not seen until 4 to 6 weeks after inoculation of an infectious agent.3 Infected opossums have mild hypoalbuminemia and a slight concomitant increase in alpha globulins; the total serum protein value is unchanged. Hypoalbuminemia probably is secondary to liver disease and decreased albumin synthesis. Increased alpha globulins probably represented a nonspecific rise in acute phase reactants (such as alpha-1 -anti-trypsin, alpha-1 -acid-glycoprotein, and hapt~globin).'~ Hypergammaglobulinemia was not seen in infected opossums because all animals died before an IgG response was evident.
Lymphoblast transformation (LBT) has been used commonly as a measure of cell-mediated immunity. Some human patients with visceral leishmaniasis have decreased LBT early in the course of infection,18 and similar findings also have been reported in experimentally infected squirrel monkeys.I2 Decreased lymphoblast transformation seen in the infected opossums on days 24 and 27 PI may have indicated decreased cell-mediated immunity. However, decreased LBT may be associated with concurrent lymphopenia because the assay in this study used whole blood.
Specific antileishmanial antibodies are commonly seen in human patients with chronic visceral leishmaniasis, but these antibodies are not protective.6 Five of the eight infected opossums produced antibody against L. donovani promastigote antigen by day 10 PI, but titers were generally low (I 1 : 80).
Similarities in opossum and human visceral leishmaniasis include weight loss, hepatomegaly, increased liver enzyme activities, hyperbilirubinemia, neutropenia, hypoalbuminemia, thrombocytopenia, and hemostatic abnormalities. Dissimilarities include the absence of anemia and splenomegaly in the opossum. Experimental visceral leishmaniasis is an acute fatal disease in the opossum; whereas naturally occurring visceral leishmaniasis in human beings is a chronic but fatal disease. Despite these differences, the opossum animal model of visceral leishmaniasis may be useful in investigating the hematologic and biochemical mechanisms of this disease and would present a maximum challenge test of new antileishmanial drugs. 
